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Abstract ±7KLV SDSHU SURSRVHV D FRQVWDQW VZLWFKLQJ IUHTXHQF\
)LQLWH&RQWURO6HW0RGHO3UHGLFWLYH&RQWURO)&603&IRUPDOO\
0RGXODWHG )&603& RU03& IRU D OHJ LQYHUWHU KDYLQJ DQ
$FWLYH 6SOLW '&EXV RQ WKH IRXUWK OHJ 7KH JUHDW DGYDQWDJH RI
03& RYHU OLQHDU FRQWURO VFKHPHV LV WKH YHU\ IDVW WUDQVLHQW
UHVSRQVH LW LV FDSDEOH WR SURGXFH LW DOVR FDQ KDQGOH JHQHUDO
FRQVWUDLQHGQRQOLQHDUV\VWHPVZLWKPXOWLSOHLQSXWVDQGRXWSXWVLQ
DXQLILHGDQGFOHDUPDQQHU7KHVHIHDWXUHVDUHKLJKO\YDOXDEOHLQ












ILQGLQJ LQFUHDVLQJ XWLOL]DWLRQ LQ SRZHU VXSSOLHV IRU HOHFWULFDO
XWLOLW\V\VWHPVGXHIRUH[DPSOHWRWKHZLGHVSUHDGXVHRI836
IRU YDULRXV DSSOLFDWLRQ DV ZHOO DV IRU WKH JURZLQJ ORFDO
XWLOL]DWLRQ RI UHQHZDEOH HQHUJ\ UHVRXUFHV RI GLVWULEXWHG
JHQHUDWLRQV\VWHPV7KHVHPD\EHDUUDQJHGLQIRUPRIDPLFUR










,Q WKH FDVH RI WKH IRXUOHJ 96, WRSRORJ\ VHYHUDO
FRQILJXUDWLRQVKDYHEHHQSURYLGHGLQ OLWHUDWXUHDPRQJ WKHVH
RQH DSSURDFK UHOLHV RQ VLPSO\ DGGLQJ D IRXUWK OHJ LQ WKH
FRQYHQWLRQDO 96, OD\RXW VR WKDW WKH PLGGOH SRLQW RI VXFK
VZLWFKLQJ OHJ LV GLUHFWO\ XVHG DV WKH LQYHUWHU 1 WHUPLQDO
$OWHUQDWLYHO\DILOWHULQJLQGXFWRULVSODFHGEHWZHHQWKHRXWSXW
1WHUPLQDO DQG WKH DFWLYH SKDVHOHJ 6XFK DQ DUUDQJHPHQW
DOORZV WKHQHXWUDOYROWDJH WREHVWDELOL]HGZLWKUHVSHFW WR WKH
IXQGDPHQWDO IUHTXHQF\ EXW D VLJQLILFDQW YROWDJH ULSSOH VWLOO
DIIHFWVWKHZDYHIRUPRIWKHYROWDJHVPHDVXUHGEHWZHHQWKH1




V\VWHP :KHQ WKH 71 DUUDQJHPHQW LV XVHG WKLV OHDGV WR
UHFLUFXODWLQJFXUUHQWVRQWKH'&/LQNVLGHV\VWHPLQSDUWLFXODU
WKURXJK ODUJH VXUIDFH 39XQLWV LQVWHDGZKHQ77 V\VWHP LV
XVHG KLJK FRPPRQ PRGH YROWDJH DULVHV DW WKH ORDGVLGH
OHDGLQJWRSRVVLEOHPDOIXQFWLRQVRIHQGXVHUHTXLSPHQW
$ GLIIHUHQW DUUDQJHPHQW RI WKH IRXUWKOHJ FDQ EH XVHG WR
SURYLGH D ULSSOH IUHH 1ZLUH DW ERWK WKH IXQGDPHQWDO DQG
VZLWFKLQJ IUHTXHQFLHV >@ 6XFK D QRYHO FRQILJXUDWLRQ LV WKH
FRPELQDWLRQRIWKHSUHYLRXVO\GHVFULEHGWRSRORJLHVDQGOHDGVWR
WKHVRFDOOHG$FWLYH6SOLW'&EXVFRQILJXUDWLRQDVVKRZQLQ
)LJXUH  ZKLFK LV WKH IRXUWHUPLQDO 96, WRSRORJ\ WKLV
WHFKQLFDOSDSHUUHIHUVWR,QYHUWHURXWSXWILOWHUFRQILJXUDWLRQLV
LOOXVWUDWHGLQ)LJXUHZKLFKLVVXJJHVWHGLQERWKVWDQGDORQH




DQ DEVROXWH FRQVWDQW VZLWFKLQJ IUHTXHQF\ RWKHUZLVH WKH
ILOWHULQJEHQHILWVFDQEHVWURQJO\UHGXFHG
,Q UHFHQW \HDUV FODVVLFDO0RGHO 3UHGLFWLYH&RQWURO 03&
VWUXFWXUHVKDYHEHHQXVHGLQQXPHURXVDSSOLFDWLRQVLQWKHILHOG
RISRZHUHOHFWURQLFVDQGGULYHVGXHWRWKHLUPDQ\DGYDQWDJHV




DFWLRQ DFFRUGLQJ WR D FRVW IXQFWLRQ UHSUHVHQWLQJ WKH GHVLUHG
EHKDYLRU&RQVLGHULQJWKDWSRZHUFRQYHUWHUVDUHV\VWHPVZLWKD
ILQLWHQXPEHURIVWDWHVWKH)LQLWH&RQWURO6HW03&)&603&
RSWLPL]DWLRQSUREOHPFRQVLVWV LQ WKHSUHGLFWLRQRI WKHV\VWHP




FRQYHUWHUV >@SRZHUFRQWURO LQDQDFWLYH IURQW HQG UHFWLILHUV
>@WRUTXHDQGIOX[FRQWURORIDQLQGXFWLRQPDFKLQH>@>@
FRQWURO 3HUPDQHQW 0DJQHW 6\QFURQRXV 0DFKLQHV 3060
GULYHV>@VHQVRUOHVVFRQWURO>@DQGDFWLYHILOWHUV>@
:KHQ )&603& LV DSSOLHG IRU 96, FRQWURO LW KDV WKH
EHQHILWRIYHU\IDVWWUDQVLHQWUHVSRQVHDQGKLJKSHUIRUPDQFHLQ
HQVXULQJ UHJXODWHG YROWDJHV DW WKH LQYHUWHU RXWSXWV ZLWK ORZ
KDUPRQLF FRQWHQW KRZHYHU WKH\ H[KLELW DQ XSSHU OLPLWHG
VZLWFKLQJ IUHTXHQF\ >@±>@ UHVXOWLQJ LQ D YDU\LQJ
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஼ೣ ൣ ௙݅௫ሺݐሻ െ ݅௫ሺݐሻ൧

EHLQJx=abcRQHRIWKHWKUHHLQYHUWHUSKDVHVifxWKHILOWHU
FXUUHQWRf WKH SDUDVLWLF UHVLVWDQFH RI ILOWHU LQGXFWRU vinvx, WKH
LQYHUWHU 3KDVHWR1HXWUDO YROWDJH vxN  WKH SKDVHWR1HXWUDO
RXWSXWYROWDJHS1xDQGS2xWKHVZLWFKLQJIXQFWLRQVIRUWKHXSSHU
DQG ORZHU OHJ VZLWFKHV UHVSHFWLYHO\7KH VZLWFKLQJ IXQFWLRQV




஽ܸ஼ ൌ ݒ஼ଵሺݐሻ ൅ ݒ஼ଶሺݐሻ 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)LQLWH &RQWURO 6HW )&6 03& FRQWURO LV EDVHG RQ WKH
SUHGLFWLRQ RI WKH V\VWHP UHVSRQVH WR D FKDQJH LQ FRQWURO
YDULDEOHV LQRUGHU WRPLQLPL]HD VXLWDEOH FRVW IXQFWLRQ LQ WKH
QH[W RQH WZR RU PRUH VDPSOLQJ SHULRGV GHSHQGLQJ RQ WKH
FKRVHQ SUHGLFWLRQ KRUL]RQ 7KH RXWSXW RI WKLV FRQWURO LV D
GLVFUHWH YDOXH WKDW FDQ EH GLUHFWO\ DSSOLHG WR FRQWURO WKH
FRQYHUWHUDQG LW LVFKRVHQE\PLQLPL]LQJDFRVW IXQFWLRQ WKDW
UHSUHVHQWV WKH HUURU EHWZHHQ WKH FXUUHQW DQG WKH GHVLUHG
UHIHUHQFH$SSO\LQJ)&603&WRFRQWURO WKH$&FXUUHQW WKH
GHVLUHG UHIHUHQFH LV WUDFNHGZLWK PLQLPXP HUURU DW WKH QH[W
VDPSOLQJSHULRG,QRUGHUWRDOORZWKHLPSOHPHQWDWLRQLQD'63
WKH FRQWLQXRXVWLPH HTXDWLRQV  KDYH WR EH GLVFUHWL]HG
XVLQJVDPSOLQJLQWHUYDOTsWKXVREWDLQLQJWKHIROORZLQJGLVFUHWH
WLPHPRGHO
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ݒ௫ேሺ݇ ൅ ʹሻ ൌ ݒ௫ேሺ݇ ൅ ͳሻ ൅ ௦ܶܥ௙ ൣ ௙݅௫ሺ݇ ൅ ͳሻ െ ݅௫ሺ݇ ൅ ͳሻ൧
7R WDNH DGYDQWDJH RI WKH ILOWHU WUDSV XVHG WR UHPRYH WKH
VZLWFKLQJ FRPSRQHQW DQ DSSURDFK VLPLODU WR WKH0RGXODWHG
0RGHO3UHGLFWLYH&RQWURO03&SURSRVHGLQ>@>@LVXVHG
LQWKLVSDSHUWRDFKLHYHFRQVWDQWVZLWFKLQJIUHTXHQF\)LJXUH
VKRZV WKHEORFN VFKHPH RI03&ZKLFK LQFOXGHV D VXLWDEOH
PRGXODWLRQ VFKHPH LQ WKH FRVW IXQFWLRQ PLQLPL]DWLRQ RI WKH
03&DOJRULWKP
$W HYHU\ VDPSOLQJ LQVWDQW WZRYHFWRUV DUH VHOHFWHG IRU WKH
WKUHHSKDVH96,7KHILUVWVHOHFWHGYHFWRUvinv(1)DSSOLHGWKURXJK
WKHVZLWFKLQJVWDWHVܵ ଵ௫ଵ ܵଶ௫ଵ LVWKHRQHDSSOLHGDWWKHHQGRI
WKHSUHYLRXVVDPSOLQJLQWHUYDOLWLVFDOFXODWHGRQWKHEDVLVRI
WKH FXUUHQW DQG YROWDJH SUHGLFWLRQV DW WLPH LQWHUYDO k DQG
VHOHFWLQJ WKHYHFWRU WKDWPLQLPLVH WKHFRVW IXQFWLRQG1 $W WKH
IROORZLQJVDPSOLQJSHULRG
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7KH FRQWURO RI WKH $FWLYH 6SOLW '&EXV FRQILJXUDWLRQ LV
DFKLHYHG E\ PDLQWDLQ EDODQFHG YROWDJHV DFURVV WKH VSOLW
FDSDFLWRUV 7R WKLV DLP WKH IROORZLQJ FXUUHQW DQG YROWDJH
SUHGLFWLRQVDUHXVHGWRPLQLPL]HWKHFRVWIXQFWLRQGn
௙݅௡ሺ݇ ൅ ͳሻ ൌ ቆͳ െ ௙ܴ ௦ܶܮ௙ ቇ ௙݅௡ሺ݇ሻ
൅ ௦ܶܮ௙ ሾ ଵܵ௡ሺ݇ሻݒ஼ଵሺ݇ሻ െ ܵଶ௡ሺ݇ሻݒ஼ଶሺ݇ሻሿ
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Rf P:Lf P+Cf P)WUDSILOWHUVWXQHGDWN+]
DVWKH96,VZLWFKLQJIUHTXHQF\Ts PVLd P+Cd 
P)DQGRd :)LJXUHDQG)LJXUHVKRZQWKHEHKDYLRU
RI WKHFRQYHUWHU UHVSHFWLYHO\ LQ WKH FDVHRIDQXQEDODQFHG
SKDVHUHVLVWLYHORDGN:N:N:DQGZKHQDVLQJOHSKDVH
GLRGHUHFWLILHUORDGLVDSSOLHGRQSKDVHa7KHSKDVHWRQHXWUDO
YROWDJHVZDYHIRUPV SUHVHQW D JRRG KDUPRQLF FRQWHQWZLWK D




GHSLFWHG LQ )LJXUH  DQG HPSOR\LQJ WKH VDPH RSHUDWLQJ
FRQGLWLRQV DV LQ VLPXODWLRQ 7KH FRQWURO DOJRULWKP KDV EHHQ
LPSOHPHQWHGLQD3('%RDUGVKRZQLQ)LJXUHRQWKHWRSRI
WKHFRQYHUWHU7KH3('%RDUGZKLFKLVEDVHGRQWKH1DWLRQDO
,QVWUXPHQWV 6\VWHPRQ0RGXOH VE5,2 KDV EHHQ
GHVLJQHG ZLWK GHGLFDWHG SHULSKHUDOV VSHFLILFDOO\ IRU SRZHU
HOHFWURQLFVDQGGULYHVDSSOLFDWLRQV1,VE5,2KDVDGXDO
FRUH$50SURFHVVRUDQGDQ$UWL[)3*$)3*$PDQDJHVWKH
RQERDUG $'&V UHVROYHU ZKHQ QHHGHG 3:0 XQLW DQG
VFKHGXOHU&$1EXVFRPPXQLFDWLRQDQG'$&VLQWHUIDFH7KH
5HDO7LPHWDUJHWLH WKH$50SURFHVVRU WDNHV LQWRDFFRXQW
WKH ZKROH H[WHUQDO FRPPXQLFDWLRQ VWUXFWXUH IRUZDUGLQJ DQG
















)LJXUH  1RQOLQHDU VLQJOH SKDVH GLRGH UHFWLILHU ORDG VWHS
$GLY9GLY
7KH RXWSXW YROWDJHV EHKDYLRU ZLWK OLQHDU EDODQFHG ORDG LV
VKRZQLQ)LJXUHZKHUHWKHORDGLVVXGGHQO\FKDQJHGIURPQR
ORDGFRQGLWLRQWRDURXQGN:SHUSKDVH,WFDQEHQRWLFHGWKH
FRQWURO JRRG SHUIRUPDQFH HYHQ ZKHQ WKH ORDG LV FRQQHFWHG
FORVH WR WKH SKDVH YROWDJH SHDN YDOXH ZKLFK UHSUHVHQWV WKH
ZRUVW FRQGLWLRQ 3HUIRUPDQFH RI WKH 03& DOJRULWKP ZLWK
XQEDODQFHG QRQOLQHDU ORDGV DUH VKRZQ LQ )LJXUH ZKHUH D
VLQJOHSKDVHGLRGHUHFWLILHUKDVEHHQFRQQHFWHGEHWZHHQSKDVH
$DQGWKHRXWSXWQHXWUDOFRQQHFWRU$VVRRQDVWKHORDGLVIHG





3UHGLFWLYH &RQWURO 03& VWUDWHJ\ D FRQVWDQW VZLWFKLQJ
IUHTXHQF\ YDULDQW RI WKH)LQLWH&RQWURO 6HW0RGHO 3UHGLFWLYH
&RQWURO)&603&WRFRQWURODOHJ96,KDYLQJDQ$FWLYH
6SOLW '&EXV RQ WKH IRXUWK OHJ DQG XVHG WR VXSSO\ ERWK
XQEDODQFHGDQGQRQOLQHDUHOHFWULFDOXWLOLW\ORDGV7KH03&
UHWDLQV DOO WKH GHVLUDEOH FKDUDFWHULVWLFV RI)&603& VXFK DV
IDVW G\QDPLFV HDV\ LQFOXVLRQ RI PRGHO QRQOLQHDULW\ DQG
FRQWURO FRQVWUDLQWV PXOWLREMHFWLYH UHJXODWLRQ LQ RQH VLQJOH
ORRS+RZHYHULWLPSOHPHQWVDFRQVWDQWVZLWFKLQJIUHTXHQF\
DOORZLQJ LWV XVH LQ SRZHU VXSSOLHV ZKHUH RXWSXW ILOWHUV DUH
VSHFLILFDOO\GHVLJQHGWRDFKLHYHDORZRXWSXWGLVWRUWLRQRIWHQ
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VXSSO\ RI IRXUZLUH HOHFWULFDO XWLOLW\ V\VWHPV´ LQEnergy Conversion 
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SUHGLFWLYH FRQWURO²D VLPSOH DQG SRZHUIXO PHWKRG WR FRQWURO SRZHU
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